Cyclic compressive force is an important mechanical stimulus on periodontal ligament (PDL). The differential expression of genes in PDL cells is thought to be involved in the remodeling of periodontal tissues subjected to mechanical stress. However, little is known about differentially expressed genes in PDL cells under cyclic compressive force. In our study, human PDL cells were subjected to 4000 mstrain compressive stress loading at 0.5 Hz for 2 h. The effect of mechanical stress on PDL cells proliferation was observed by flow cytometry. Microarray analysis was used to investigate the mechano-induced differential gene profile in PDL cells. Differential expression was confirmed by quantitative real-time polymerase chain reaction (RT-PCR) analysis on genes of interest and explored at two more force loading times (6 h, 12 h). After mechanical loading, cell proliferation was repressed. The microarray data showed that 217 out of 35,000 genes were differentially expressed; among the 217 genes, 207 were up-regulated whereas 10 were down-regulated ( p < 0.05). Gene ontology analysis suggested that majority of differentially expressed genes were located in the nucleus and functioned as transcription factors involved in a variety of biological processes. Five genes of interest (IL6, IL8, ETS1, KLF10, and DLC1) were found to be closely related to negative regulation of cell proliferation. The PCR results showed increased expression after 2 h loading, then a decline with extended loading time. The signaling pathways involved were also identified. These findings expand understanding of molecular regulation in the mechano-response of PDL cells.
Introduction
P eriodontal ligament (PDL) is a group of specialized connective tissue fibers that essentially attach a tooth to the alveolar bone. These fibers help the tooth withstand the substantial mechanical stimulation that occurs during chewing and remain embedded in the bone. PDL harbors a heterogeneous cell population, which may participate not only in the remodeling of the PDL itself, but also in the repair and regeneration of other periodontal tissues (Benatti et al., 2007) . PDL cells are constantly subjected to physiological or therapeutical mechanical loading, and as a result, respond by changing their motabolic and proliferative activities. The changes are thought to be brought about by a series of biological events regulated by gene expression (Long et al., 2002) .
Given that the dento-alveolar complex is extremely responsive to mechanical loading, and its homeostasis is dependent on mechanical stimulation, periodontal cellular responses to mechanical stress overlap and interact with other bone factors in physiological and pathological conditions. An understanding of the biological response to mechanical stress could further advance the clinical treatment and prevention of periodontal disease. Also, an understanding of the mechanotransduction pathway in physiological conditions is essential for further improvement not only of orthodontic treatment but also for periodontal and alveolar bone repair and regeneration procedures (Pavlin and Gluhak-Heinrich, 2001 ).
Mechanical stress can regulate the gene expression of biological mediators, such as interleukin 6 (IL6), IL-1b, cyclooxygenase (COX-2), matrix metalloproteinases, type I collagen, and osteocalcin in PDL cells (Saito et al., 1991; Shimizu et al., 1998) . Given that different modes and levels of mechanical loadings are applied, the role and connection between these mediators and stress stimuli are rarely revealed. In previous studies, PDL cells were loaded with cyclic tension (Myokai et al., 2003; Ritter et al., 2007; Wescott et al., 2007; Yamashiro et al., 2007; Pinkerton et al., 2008) or static compression (de Araujo et al., 2007; Lee et al., 2007) in vitro. Although cyclic compressive force is an important mechanical stimulus on PDL physiologically and traumatically, little is known about the gene expression profiling of PDL cells after being loaded with cyclic compressive stress for different time courses.
In our present study, we loaded human PDL cells with light cyclic compressive force in vitro. Microarray analysis was employed to profile gene expression of PDL cells under cyclic compressive force in order to determine the differentially expressed genes related to mechanotransduction.
Materials and Methods

Cell culture
Human PDL cells were derived from periodontally healthy and noncarious premolar teeth that were extracted from juvenile donors (12-14 years old) for orthodontic reasons with informed consent. The study was performed with permission from the local ethics committee of Sichuan University. We followed the procedure, as previously described (Somerman et al., 1988) , that has been widely used for PDL cells studies. Briefly, teeth were washed with phosphate-buffered saline (PBS), and then the PDL attached to the middle third of the root was removed with a scalpel. Tissue explants were plated onto six-well dishes in Dulbecco's modification of Eagle's medium (Gibco) supplemented with 10% fetal calf serum (Hyclone) and antibiotic reagent (10,000 units penicillin, 10,000 mg streptomycin; Gibco) and cultured in a humidified atmosphere of 5% CO 2 at 378C. After reaching near confluence, cells between passage 5 and 7 were used for mechanical loading.
Application of cyclic compressive force on cells PDL cell suspension (1.5Â10 5 cells in 1.5 mL) was directly seeded onto the surface of the force-loading plates, which were made out of the bottoms of cell culture flasks (Falcon), 4Â8 cm 2 large and 1.15 mm thick. Detailed methods were described previously (Liu et al., 2006; Wu et al., 2008) . Two days after cell seeding, PDL cells were serum-starved for 24 h to be synchronized. Then, cells were loaded with cyclic uniaxial compressive strain by a four-point bending strain apparatus (SXG4201; University of Electronic Science and Technology of China, China) as previously described (Liu et al., 2006) . (Supplementary Fig. S1 and S2; Supplementary Data are available online at www.liebertonline.com/dna). The cells were subjected to cyclic compressive strain (0.5 Hz, 4000 mstrain) for 2 h. The control group was unloaded. These trials were repeated three times.
Flow cytometry for analysis of cell proliferation
After mechanical loading, the cells were detached with 0.2% trypsin and 0.02% ethylenediaminetetraacetic acid, centrifuged twice at 500 g for 5 min containing PBS wash and then fixed with 70% alcohol overnight. Cells were stained with 300 mL propidium iodide at 10 mg/mL for 30 min. Cell cycles were analyzed through flow cytometry (Coulter, Epicus ELITE). Cell proliferation index (PI) was calculated according to the formula:
At the end of loading, the culture medium was removed, and the total RNA was extracted using trizol (Invitrogen) according to the manufacturer's protocol. All the materials and reagents were treated with 0.1% DEPC water overnight to avoid contamination of RNase. Briefly, cells in the loading plate were washed by PBS. Then, 1 mL trizol was added for cell lysis and homogenized by pipetting several times; then, the solution was transferred into eppendorf tube. Two hundred microliters chloroform was added and incubated for 5 min at room temperature, then centrifugated at 12,000 rpm for 15 min at 48C. After centrifugation, there were three phases within the tube. We transferred the aqueous phase (top) to a fresh tube, added 500 mL isopropanol to the new tube, and incubated at room temperature for 10 min, then centrifuged at 12,000 rpm for 10 min at 48C. We removed the supernatant, washed RNA pellet with 75% ethanol and vortexed, then centrifuged samples at 7500 rpm for 5 min at 48C, removed the supernatant, and allowed the pellet to air dry for 3 min. The RNA pullet was redissolved in 20 mL DEPC water. The purity of the total RNA was assessed by electrophoresis on 1% agarose gels, and an OD 260 /OD 280 ratio over 1.95.
Microarray experiments
Microarray analysis was performed by using human oligo chip 35k V2.0 (Capital Bio Corporation), which includes 35,000 human genes. The compressive and the control samples were labeled with Cy3 and Cy5, respectively, mixed, and hybridized on the microarray according to the manufacturer's instructions. This generated a scatter plot that showed a subset of up-or down-regulated genes after the cyclic compressive strain loading ( Supplementary Fig. S3 ). To improve reliability, each hybridization was repeated three times, and the dye swap method (the labeling dyes were changed between the control and experimental samples) was also applied to rule out dye incorporation bias. Genes showing highly inconsistent data in the dye-swap experiment were discarded. The chip was scanned by LuxScan 10K/A (Capital Bio Corporation). The data were analyzed by using MAS 2.0 Software (Capital Bio Corporation). The results were expressed as the gene expression ratio (the ratio of intensities of Cy3 to Cy5). In this study, a twofold change was used as the cut-off value, and those genes showing change greater than twofold were identified as differentially expressed. Then, gene ontology (GO) analysis and pathway analysis based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database were used for further investigation on the differential genes of interest.
Confirmation by quantitative real-time polymerase chain reaction analysis
To validate the microarray results, quantitative real-time polymerase chain reaction (RT-PCR) was performed to relatively quantify mRNA levels of identified genes using SYBR Green&. Based on GO analysis, five genes of interest were selected, the primers for which are listed in Table 1 . Total RNA was extracted and then reverse transcribed, and cDNA was prepared using a RevertAid TM First Strand cDNA Synthesis kit (Fermentas) according to the manufacturer's protocol. DNA amplification and detection were carried out using the ABI Prism 7700 Sequence Detector Real-Time PCR machine (Applied Biosystems). The amplified PCR products were also confirmed as distinct single bands on agarose gel electrophoresis.
866
WU ET AL.
Genes expression under different loading time-courses
Based on GO analysis of the microarray data, five genes (IL6, IL8, c-ets-1 protein [ETS1], krueppel-like factor 10 [KLF10], and delete in liver cancer 1 [DLC1]) were found closely related to PDL cells proliferation change under stress. We performed RT-PCR to examine the five genes expression after PDL cells were loaded for 2, 6, and 12 h respectively. The RT-PCR experiment was performed as described earlier.
The primers of these five genes were listed in Table 1 .
Statistical analysis
Results from the experiments were reported as the mean AE standard deviation (SD) and compared by the paired student's t-test. The software SPSS14.0 (SPSS Inc.) was used for all statistical analysis, and p-values less than 0.05 were considered statistically significant.
Results
Cell PI decreased after mechanical loading
After 2 h cyclic mechanical loading, flow cytometry showed that cells at S stage were markedly decreased, whereas cells at G 1 and G 2 stages increased and the apoptosis ratio increased. PI of the PDL cells was significantly decreased, which indicated that cell proliferation was inhibited after the cells had been exposed to cyclic mechanical loading ( Fig. 1) .
Identification of genes in response to mechanical stress
In total, 217 differentially expressed genes in response to mechanical stress were identified from our microarray experiments (Supplementary Table S1 ). Among them, 207 were up-regulated by mechanical stimulus, whereas only 10 were down-regulated. The differentially expressed genes were summarized and listed in Table 2 . We applied GO analysis to the markedly differentially expressed genes ( p < 0.01). GO analysis showed that most of the differentially expressed genes were located in cell nucleus (63 genes), and a small number of them were located at cell microtubule (4 genes) and extracellular space (9 genes). GO analysis demonstrated that these differentially expressed genes participated in a variety of biological processes, such as regulation of transcription, cell cycle, cell signaling, cell differentiation, apoptosis, and both negative and positive regulation of cell proliferation. IL6, IL8, ETS1, DLC1, and KLF10 in the upregulated gene group are involved in the negative regulation of cell proliferation. These five genes were selected as genes of interest for further analysis in our study. Additionally, one gene may be involved in more than one biological function. IL6, for example, regulates cell proliferation and signaling.
Signaling pathway analysis of genes in response to mechanical stress Based on the KEGG database, 10 signaling pathways associated with genes differentially expressed were in response to mechanical stress ( p < 0.01) were identified. Among them, six pathways that contained at least four significant differentially expressed genes were shown in Table 3 .
Quantitative RT-PCR confirmation to the microarray
To confirm the expression level of the differentially expressed genes identified in the microarray data, we selected five genes (IL6, IL8, ETS1, KLF10, and DLC1) from the 
The decreased cell PI of PDL cells after cyclic compressive strain. After loading with cyclic compressive strain (4000 m strain, 0.5 Hz) for 2 h, flow cytometry showed the cell PI of PDL cells was significantly repressed compared with the control group. The values were expressed as mean AE standard deviation. Significant change was marked with *p < 0.05. PI, proliferation index; PDL, periodontal ligament. Figure 2 , the RT-PCR results were generally in accordance with the microarray data.
Quantitative RT-PCR showed gene expression alteration when cells were subjected to the same mechanical stress for different time courses
Based on GO analysis, five genes (IL6, IL8, ETS1, KLF10, and DLC1) were found to be closely related to negative regulation of PDL cell proliferation. RT-PCR showed that increased expression of these genes was greatest when cells were loaded for 2 h, then declined with extended loading time. For KLF10, the expression was much higher when loading for 2, 6, and 12 h than that of the nonloading group. IL6 did not show enhanced expression when cells were loaded for 12 h. However, expression of ETS1 was inhibited when loading for 6 and 12 h. Similarly, expression of IL8 showed inhibition when cells were loaded for 12 h. For DLC1, gene expression increased at 2 h loading, whereas it decreased to normal levels at 6 and 12 h loading. (see Fig. 3 )
Discussion
Mechanical stimulation plays a key role in the maintenance of homeostasis of periodontal tissues. Teeth are subjected to mechanical stress when performing normal oral functions such as chewing and speaking during which physiological occlusal contact occurs. On the other hand, orthodontic force or traumatic occlusion causes mechanical stimuli that may bring about pathological bioreaction of periodontal tissues. Therefore, PDL should play an important role during these constant mechanical loads, and as a result, respond by changing its structure and function. PDL fibroblasts may initiate the remodeling process in response to the load applied to them during tooth movement (Davidovitch, 1991) . However, how PDL cells sense and respond to external mechanical stimuli is not understood. Many studies on PDL cells in response to mechanical strains only focused on expression changes of mRNA and protein levels of individual genes of interest and all used cultured human PDL cells (Saito et al., 1991; Shimizu et al., 1994; Howard et al., 1998; Chiba and Mitani, 2004; Yang et al., 2006) . However, the results can be ambiguous, depending on the culture conditions, stress regime, and the design of the mechanical loading apparatus. For example, cyclic tension has been reported to both inhibit (Chiba and Mitani, 2004) and stimulate (Yang et al., 2006 ) the synthesis of alkaline phosphatase. Moreover, cyclic compressive force often occurs when teeth perform chewing or are subjected to orthodontic treatment. However, cyclic compressive force was rarely applied in previous studies.
In our study, low magnitude cyclic compressive force was loaded on cultured human PDL cells. 4000 mstrain mechanical loading led to 4% cell morphologic change, which mimicked physiological mechanical stimuli in vivo (Fermor et al., 1998) . Further, human whole genome oligo array was employed in this study, which let us assess the whole genome transcriptome changes. Our results showed that PDL cell proliferation was inhibited by cyclic compressive force loading. In total, 217 differentially expressed genes were identified. Among them, most (207 genes) were upregulated. Based on GO analysis, five genes were found to be closely associated with negative cell proliferation in our present study; thus, we selected IL6, IL8, EST1 (p54), DLC1, and KLF10 further study.
Compressive forces induce the expression of proinflammatory mediators (Koyama et al., 2008) . Many cytokines, in addition to mediating the host immunological response to exogenous antigens, are also produced by connective tissue cells such as fibroblasts and osteoblasts and involved in normal physiological turnover and bone remodeling (Meikle, 2006) . In our study, microarray showed that IL6 expression level increased 7.6-fold in response to 2 h mechanical force loading (see Table 2 ), which was consistent with the microarray study by Araujo, in which IL6 expression was elevated fivefold under static compressive force loading (de Araujo et al., 2007) . IL6 is a potent activator of osteoclasts and is over-expressed in PDL and alveolar bone in periodontal disease (Rasmussen et al., 2000) . A previous study suggested that static compressive force on PDL cells might induce tooth or alveolar bone resorption by elevating expression of IL6 (Lee et al., 2007) . In our study, IL6 responds early to cyclic compressive force; the effect weakened with a longer loading time course.
IL8 is an important mediator in angiogenesis, blood vessel development, calcium-mediated signaling, cell cycle, defense response, and mechano response (Xie, 2001) . Our microarray results demonstrated that the expression of IL8 significantly increased when PDL cells were subjected to cyclic compressive force at an early stage. A previous study also reported increased expression of IL8 in response to mechanical stretch (Harada et al., 2005) . However, increased expression of IL8 dropped dramatically with the extension of force application in our study. Additionally, it has been suggested that force-induced IL8 from PDL cells required IL-1b (Harada et al., 2005) . Though IL-1b is constitutively expressed at a low level in PDL cells, it was not identified as a mechanoresponsive in our study. Interestingly, it has been reported FIG. 3. Gene expression change when cells were subjected to different time courses loading. The RT-PCR analysis was performed on cells subjected to compressive force (4000 m strain, 0.5 Hz) for 2, 6, and 12 h, respectively. The expression level of five genes (IL-6, IL-8, KLF10, ETS1, DLC1) was tested. Results are shown (A-E) as a ratio between the expression level of the experiment and that of the control. The folds ratio demonstrated an alteration of these genes expression at different loading time points.
that IL8 expression was inhibited under static compressive force (Lee et al., 2007) . As was previously mentioned, there was a vast difference in cellular mechanobiological response depending on the types of mechanical loading and the contexts in which they were applied (Wang et al., 2007) .
Our microarray results also showed up-regulated ETS1 under early cyclic compressive strain (see Table 2 ). ETS1, one of the ETS family of transcription factors, is involved in stem cell development, cell senescence and death, and tumorigenesis (Seth and Watson, 2005) . ETS1 might act as an angiogenic mediator and additionally as an oncogene product to activate tumor invasion (Fujimoto et al., 2004) . Recently, it was reported that mechanical strain induced osteogenic differentiation through up-regulated expression of ETS1 in rat mesenchymal stem cells (Qi et al., 2008) . Elevated expression of ETS1 induced by shear stress in microvascular endothelial was accompanied by increased phosphorylation of ETS1 and enhanced ETS1 DNA binding activity (Milkiewicz et al., 2008) . Expression of ETS1 was inhibited when the compressive force was applied for a longer time course (6 h), and the inhibition was even greater with the extension of loading time to 12 h in our study.
DLC1 acts as a tumor suppressor by inhibiting cell proliferation. Defective or aberrant DLC1 genes might be involved in carcinogenesis (Durkin et al., 2007) . In our study, expression of DLC1 increased by 2.7-fold after 2 h of mechanical loading (see Table 2 ). Meanwhile, cell proliferation was markedly inhibited under the same mechanical condition. However, at a later stage of force loading DLC1 expression was just the same as that of the control. KLF10 was another negative proliferation regulator found differentially expressed under mechanical stress in our study. KLF10 is expressed in specific cell types in numerous tissues and is known to be involved in repressing cell proliferation and inflammation as well as in inducing apoptosis similar to that of transforming growth factor b (TGFb) (Subramaniam et al., 2010) . This transcription factor was first described in osteoblasts as a ''TGFb Inducible Early Gene'' and, thus, carried the name TIEG-1 (Subramaniam et al., 1995) . Subsequent studies have revealed an important role for this factor in the regulation of bone mineralization (Subramaniam et al., 2005) , osteoclast differentiation (Subramaniam et al., 2005) , and epithelial proliferation (Tachibana et al., 1997; Subramaniam et al., 1998) . However, the correlation between mechanical stimuli and the expression of KLF10 has rarely been reported. In our study, KLF10 expression significantly increased by 11.8-fold when PDL cells were subjected to mechanical stimulus for 2 h. Also, with longer force application, the expression level of KLF10 declined a little, but it is still much higher than that of the control. We assume that KLF10 is not only an early mechano-responsor, but also a persistent mechanosensor.
We identified six signaling pathways involved in mechanoregulation of PDL cells (see Table 3 ). Mitogen-activated protein kinases/extracellular signal-regulated kinases (MAPK/ERK) signaling pathway is a crucial pathway transducting external stimuli signals into the nucleus, and participates in cell proliferation, differentiation, apoptosis, and immune response under stress conditions. Mechanical activation of ERK1/2 may be required for certain measurable responses to strain in bone stromal and osteoblast-like cells (Rubin et al., 2002) . MAPK is inactivated by MKP. Our microarray data showed that MKP family members such as DUSP5 (dual specificity protein phosphatase 5) and DUSP6 (dual specificity protein phosphatase 6, MKP-3) were upregulated by strain. Up-regulation of DUSP5 and DUSP6 may inactivate ERK/MAPK, thus blocking the transduction of ERK/MAPK signaling, repressing PDL cell proliferation. In addition, it was observed that GADD45A (Growth arrest and DNA-damage-inducible protein GADD45a) and GADD45B (Growth arrest and DNA-damage-inducible protein GADD45b) were up-regulated after mechanical loading. Both play a vital role in the cell cycle, specifically in the regulation of G 1 /S and G 2 /M transitions (Isaacs et al., 1997; Hollander et al., 2001) . GADD45 might activate MTK1 and then activate P38 and JNK (c-Jun N-terminal kinases), eventually leading to cell apoptosis (Gupta et al., 2006) . Thus, decreased cell PI and increased cell apoptosis observed in our experiments might be induced by up-regulated expression of GADD45A and GADD45B.
The aforementioned genes may play multiple roles in various biological processes; however, the precise details of their responses to mechanical stimuli have yet to be clarified. Moreover, our microarray analysis identified other differentially expressed genes, many of which are novel with regard to stimulation via mechanical stress, that have known or suspected roles in bone turnover or periodontal tissue regeneration and are worthwhile candidates for further investigation.
In summary, we applied cyclic compressive force on PDL cells and found that cell proliferation was greatly inhibited. We have also performed microarray analysis on mechanical force stimulated PDL cells. We have identified not only some well-known mechanosensor genes but also novel or suspected mechanoregulation-related genes. Additionally, these genes may respond to mechanical stress at an early or late stage. These findings will facilitate further investigation of remodeling in the periodontium in vivo and may be important for further study of cellular effects resulting from the mechanical force used in orthodontics.
